This paper describes the development and application of an equivalent circuit model and computer program to calculate the apparent self inductance and quality factor versus frequency of square, rectangular, quadrupole, and circular loops of round wire buried in a roadway. The effect of transmission lines and matching transformers between the loop in the roadway and roadside vehicle detector electronics is included in the model. The capacitance between the loop conductors and surrounding pavement material is shown to have a major effect on the magnitude of the loop's apparent self inductance.
Introduction
The inductive loop detector system is comprised of a buried loop of round wire in the roadway pavement which is connected with a transmission line to roadside vehicle detector electronics. When a vehicle is sensed by the loop, a small decrease in loop inductance is detected by the detector electronics. Since the series inductance of the transmission line decreases the loop inductance change available to the detector electronics, the loop inductance should be larger than the transmission line series inductance. The loop inductance can be increased by winding additional turns to the loop and/or adding a transformer between the loop and transmission line. The frequency range of typical vehicle detector electronics is 20 kHz to 60 kHz. The inductance seen by the vehicle detector electronics can change significantly versus frequency if too many turns are used on the roadway loop because of loop capacitance. An equivalent circuit model of the inductive loop system was developed and programmed on a computer. The computer program allows inductive loop system designers and maintenance technicians to calculate the loop system inductance and quality factor as a function frequency, wire gauge size, wire spacing, etc.
The equivalent loop system model is comprised of a roadway inductive loop model, a transformer model, and a transmission line model. The calculation of the self inductance of square, rectangular, and quadrupole loops is described in previous papers [1, 2] . King [3] describes the calculation of the self inductance of circular loops. This paper includes the calculation of the internal and external capacitance of such loops to determine high frequency performance. A wide band transformer model is used. The transmission line model uses a complex characteristic impedance. All equations used in the loop computer program are included in this paper.
Loou Cauacitance Theor\! Internal Loou Capacitance
The capacitance between loop turns was calculated using a low frequency, multi-layer, transformer model [4] . This model assumes uniform flux coupling through the loop turns with minimum leakage flux. Figure 1 illustrates the capacitance between two adjacent isolated loop turns.
U FIGURE 1. CAPACITANCE BETWEEN ADJACENT ISOLATED LOOP

TURNS.
The loop is comprised of parallel transmission lines with a capacitance [SI per unit length, C', given by The total capacitance between adjacent, isolated loop tums is given by C' = C'P
where P is the loop perimeter (m). A similar method was used by Palermo [6] . The actual loop turns are connected as shown in Figure 2 . The parallel transmission line is shorted at the end. The input capacitance of the shorted transmission line is given by Figure 3 shows the circuit model for a multi-tun !oop where LL is the low frequency inductance of the loop and C~L is the lumped internal capacitance across the loop terminals. f;;.t, LL 
The lumped internal capacitance across the loop terminals is given by
This equation is identical to the equation [7] for the capacitance between transformer winding layers with the exception of C .
External LOOD
Capacitive coupling exists between the loop conductors and edge of pavement slot containing the conductors. Figure 4 illustrates the capacitive coupling. Since loop wires are typically closer to the top of the slot (i.e., sealant in bottom of slot supports conductors), the capacitive coupling between the conductors and bottom of the slot was neglected. The external capacitance exists between a conductor and a material with variable dielectric constant and conductivity rather than metal. Stratton [lo] also shows that a perfectly conducting outer conductor for a coaxial line provides a good approximation to a finitely conducting one when calculating shunt admittance. The slot walls are approximated by infinite conducting ground planes as illustrated in Figure 5 . 
LOOD Resistance
The series loop resistance, RL, is comprised of the direct current wire resistance, R, the high frequency of skin effect resistance, Rac, and the ground resistance, Rg. The most important resistance is the ground resistance which is caused by currents induced in the conductive pavement and subgrade material. The ground resistance may limit loop sensitivity in locations with a large moisture content. The ground resistance is calculated by assuming the pavement and subgrade material causes a magnetic loss similar to that of a ferrite or iron core in an inductor. The permeability, pg, of the pavement and subgrade material is assumed to be one. Appendix I presents a derivation of the ground resistance.
The series loop resistance is:
Rg = tan6gwLL where 
The formula for E(k) [15] and K(k) [16] is given in Appendix III.
Self Inductance of Multi-Turn Circular LOOD
The inductance formula for a circular coil with N equal spaced, identical turns following King [17] is given by:
where following Ram0 [ 181
The external inductance of a single turn, rectangular loop is given by the sum of the inductance of two pairs of conductors. Then:
The external inductance of a single turn, rectangular loop is: &lf Inductance of Single Turn R e c t a n m
The self inductance of a single turn rectangular loop is given by the sum of internal and external inductance and is: Lo= L;+L:
The general inductance formula for a coil with N equal spaced, identical turns is:
The total mutual inductance of th rectangular loops in Figure 7 is given by the sum of the mutual inductances between the parallel sides and using formula (37) is where M i 1 is the mutual inductance between side 1 of the bottom loop turn and side 1 of the top loop turn under consideration as shown. Note that all mutual inductances are symmetrical (i.e., Mi3, = M31, etcl. Appendix IV shows the inductive loop circuit model of Figure 12 reduces to the circuit model of Figure 13 where
where the positive sign is used for elements with currents in the
This formula, assumes that the elements lengths are much less than the wavelength divided by 2x and the conductor radius is much less than the element length.
The self resonant frequency of the loop is given by It should be noted that Grover [22] shows that this type of general formula can also be expressed by applying the laws of summation of mutual inductance to equation (37). 
This equation shows that the cable inductance, U, is important relative to frequency shift detection sensitivity. If the cable inductance is one tenth or less of the loop inductance, the transmission line has a negligible effect on Inductance Loop
Detector (ED) sensitivity provided the quality factor, QD, is five or greater. The frequency shift detector system sensitivity results also apply to period shift detector systems.
Loop Transformer Theory Inductive Loou Transformer ModeJ
A transformer [26] with low leakage inductance (i.e., total series leakage inductance less than transmission line inductance) can be placed between the loop and transmission line to transform the loop inductance to a value larger than the transmission line inductance. The transformer will remove the reduction in sensitivity caused by the transmission line.
The transformer model [27] used is shown in Figure 14 . 
$z
The equivalent transformer model of Figure 15 was used to determine the transformed load impedance
The comparison of measured and calculated results is seen to be favorable. Measured loop inductance and quality factor data versus frequency was unavailable for quadrupole and circular loops. The LDAS program is menu driven and written in Microsoft Quick Basic. All mathematical functions are computed using double precision calculations.
Measured Data and Ca lculated Results
ComDarison of Calculated and Measured Loou Self Inductancc jmd Oualitv Factor Table I presents measured self inductance and quality factor data for a 1.83m (6ft) by 1.83 m (6ft) three turn inductance loop. A comparison between measured and LDAS computed data is presented in Table II .
Tables III through V present calculated loop inductance and quality factor as a function of conductor size. The quality factor decreases with increasing wire gauge as expected. The addition of a transmission line of 240 feet length approximately halves the quality factor. Detector applications requiring transmission lines over 200 feet in length should use number 12 AWG wire for the loop and non-shielded transmission line. Three to four turns of loop wire have an adequate quality factor. One to two turn loops should be used with a transformer.
Loop inductance should be measured at 1 kHz to remove effects of capacitance when determining the number of turns of a buried loop. All loop measurements at frequencies of 20 kHz or greater should be made w i t h a balanced instrument since the loop detector electronics is balanced. An unbalanced measurement w i l l result in wrong values because of the different capacitance to ground. Since the external capacitance is determined by the dielectric constant of the slot sealing material, the loop conductors should be completely sealed to prevent water in the loop slot. The high dielectric constant of water will cause a significant change in the external capacitance causing the apparent loop inductance to change. Unstable loop detector operations results from incomplete sealing of the loop slot. Table I1 2. AU inductance and quality factors in Table III resislance is included) 3 Table I1 2. All inductance and quality factors in Table III are apparent values (i.e.. the effect of loop capacitance and resistance is included)
Table V. Circular Loop Parameters
Note: 1. U) kHz, Loop diameter: 7 feet, other parameters given for Table I1 2. All inductance and quality factors in Table III 
